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Abstract
Mixing between photons and low-mass bosons is well considered in the literature.
The particular case of interest here is with hypothetical gravitons, as we are con-
cerned with the direct conversion of gravitons into photons in the presence of
an external magnetic field. We examine whether such a process could produce
direct low-frequency radio counterparts to gravitational-wave events that share
the gravitational-wave spectrum. Our work differs from previous work in the lit-
erature in that we use the results of numerical simulations to demonstrate that,
although a single such event may be undetectable, an unresolved gravitational
wave background from neutron star mergers would be strongly detectable with
a lunar telescope. Furthermore, we show that, for the case when no detection
is made by a lunar array, a lower bound, competitive with those from Lorentz-
invariance violation, may be placed on the energy-scale of quantum gravitational
effects. The SKA is shown to have very limited prospects for the detection of
either a single merger or a background.
Keywords: lunar telescope, photon-graviton conversion, SKA-Low, quantum
gravity
1. Introduction
Electromagnetic counterparts to gravitational-waves were well considered in
the literature [1, 2, 3, 4, 5, 6] prior to the first detection of compact mergers
by the Laser Interferometer Gravitational-wave Observatory (LIGO), made in
September 2014, and produced by the merger of two black holes. Furthermore,
this correlation was considered by [7, 8] following these events. It wasn’t until
the discovery of counterparts associated with the fifth LIGO event [9] detected
in August 2017, that the field was revived as scientists poured over the new data
obtained. The successful detection was only possible due to an immense, well
coordinated, global collaboration. This GW170817 event was the first detection
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of a binary neutron star merger, and was long hoped for since such events were
expected to form a kilonova and collimated outflows, called jets, which result in
electromagnetic counterparts.
Emissions across the entire electromagnetic spectrum were detected [10],
thus heralding the dawn of multi-messenger astronomy. This includes the ob-
servation of radio emissions in the broad band afterglow occurring when the
gamma-ray burst interacts with the interstellar medium [11]. However, there
remains the mystery of what physical processes underpin the production of the
electromagnetic counterparts which we observe. In this work, we approach this
problem from a different angle using the idea that gravitational-waves can them-
selves directly generate plausibly detectable low-frequency radio counterparts
while propagating from their source to Earth.
The idea that gravitational degrees of freedom may be converted into elec-
tromagnetic degrees of freedom is not a new one, see for example: [12, 13, 14]
and [15]. Interest in this subject resulted in the need to find an indirect means of
measuring gravitational-waves and also arose out of studies considering axion-
photon mixing [16, 17]. For example, early studies involved the scattering of
electromagnetic fields off time-dependent gravitational fields, showing that there
was a possible coherent interaction between linear gravitational-waves and elec-
tromagnetic waves in which energy could be transformed from one degree of
freedom to the other [18]. Such conversions taking place inside an external
magnetic field could be extremely bright, even if a small percentage of the
gravitational-wave pulse is transformed [15, 19]. Modern calculations include
considerations about plasma frequency and QED corrections [7], see also [8, 12].
As mentioned in [7], these articles dealt with the graviton-photon conversion
at high frequencies ω/(2pi) which exceeded the plasma frequency, ωp/(2pi), of
the surrounding and intervening medium. This is problematic since typically
the plasma frequency is approximately equal to 10 kHz
√
ne, where ne is the
electron number density, furthermore, the frequency of gravitational-waves is
usually less than 10 kHz
√
ne. It makes sense then, that higher frequencies were
considered since low-frequency waves do not propagate through plasma. For the
case of LIGO events concerning merging black holes, being roughly 20 - 30 M,
the realistic gravitational-wave frequencies were approximately 100 - 200 Hz.
In [7], they consider the possibility that the energy transition from gravitational-
waves into electromagnetic waves may still be possible despite their low fre-
quency. In particular, they show that gravitational-waves travelling through a
high-frequency plasma and non-zero magnetic field continue to transform some
of their energy into non-propagating plasma waves which heat up the surround-
ing plasma, thus leading to a noticeable release of electromagnetic radiation. In
this work, they use an asymmetric conversion regime for which conversion from
photons into gravitons is less probable given that the wave vector for this solu-
tion is purely imaginary, corresponding to the damping of the electromagnetic
wave travelling in the plasma with frequency higher than that of itself. The
authors conclude that the graviton-photon conversion mechanism studied can
hardly account for plasma heating in LIGO black hole merger events.
A further interesting paper is that of [8] where they considered the ef-
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fects generating dispersion and coherence braking of the electromagnetic waves.
Therein they obtained the energy power and energy power fluxes for quasiper-
pendicular external magnetic fields in the gravitational-wave propagation direc-
tion. The authors found that the energy power was large, but that the fluxes
remained faint, as would be seen on earth. They considered waves with ω > ωp,
making the graviton-photon mixing for gravitational-waves of less than a few
hundred Hertz less appealing. They noted, however, that the calculated plasma
frequency through which the waves travel depends on the line of sight, produc-
ing varying frequency cutoff’s. Finally, they conclude that the detection of this
graviton to photon mechanism is unlikely to be made on Earth or in interplan-
etary space due to the large cutoff frequencies. They suggest that detection is
only probable outside of the solar system. We show that this is not necessarily
true.
Our proposal uses the idea that gravitational-waves may be converted into
electromagnetic waves following the mechanism laid out in [12]. Extending this
mechanism, beyond the treatment of axions, to gravitons implies that the grav-
itational field is quantized. Therefore, this model also provides a potential way
to probe quantum gravity and its associated energy scales. Using the char-
acteristics of relatively well studied environments, such as the known external
magnetic field, plasma density, and a phenomenological energy scale M , we can
compute the transition probability that gravitons are converted to photons by
numerically solving the equations of motion laid out in [8]. We then make use
of data on the magnetic field and plasma environment within the nearby galaxy
M31 to compute transition probabilities between photon and graviton when a
graviton flux passes through the M31 galaxy. In particular, as the conversion
spectrum from a single merger event will be shown to be likely unobservable,
we will also study the observability of conversion from an isotropic background
formed by neutron star mergers out to redshift 6 by using population synthesis
estimates of the merger rate for binary neutron stars [20].
Supposing that it may be possible to find the parameter M through obser-
vation of the electromagnetic spectrum corresponding to the gravitational-wave
event, we may then compare its value to the phenomenological MPl =
√
~c/G =
1.22 × 1019 GeV/c2, the Planck mass, as is widely used in the literature as an
expected energy scale for the appearance of quantum gravitational effects. In
this way, a bound may be placed on any deviation of the energy scale of quan-
tum gravitational effects M from that of the Planck mass. Furthermore, such
an observation could determine the existence of the graviton and therefore that
the gravitational field is quantized.
Our means of analysis is to make a phenomenological extrapolation of a
numerically determined gravitational-wave spectrum produced by a binary neu-
tron star merger. We then determine how much the detectability of the resulting
counterpart photon spectrum depends upon the parameters of the extrapola-
tion, which is justified in that it accounts for both scenarios encountered in the
literature: mode decay and the contribution of higher order modes extending
the spectrum to higher frequencies. If the dependence is strong we conclude
that detection is improbable without significant fine-tuning of the extrapolated
3
spectrum. On the other hand, if the counterpart’s detectability is largely in-
dependent of the choice of parameters, we take this to indicate that detection
would be a strong possibility: in that, the extrapolation to detectable frequen-
cies can be made far more naturally. To make the observations mentioned above,
we consider a radio array on the far side of the moon and consider the cases: 100
and 1000 antennas. The far side of the moon is shielded from the interference
from Earth and is thus preferable for conducting very low-frequency radio exper-
iments. Considerations for building telescopes on the moon are already under
way and have been considered in the literature2,3 [21, 22, 23]. Furthermore,
we consider the transition probabilities required for a detection with the low-
frequency Square Kilometre Array (SKA-LOW). Although the first attempts to
search for these counterpart signals can be performed with the SKA-LOW, we
find that a detection of single merger events is impossible and, for an unresolved
background of mergers, would require a considerably fine tuned behaviour with
regards to the extrapolation of the gravitational-wave spectrum from neutron
stars merger. This is largely due to the fact that the transition probabilities
required for high detection probabilities with the SKA-LOW are too high to
be supported by any well known environments. Very large magnetic fields, in
addition to large intervening structures would be required. However, reasonable
transition probabilities result in an achievable measurement using a lunar ar-
ray. In this work, we demonstrate that, for an isotropic background formed by
binary neutron star mergers, graviton-photon conversion emissions in the radio
band are potentially detectable for the transition probabilities induced within
the M31 environment. We note that [15] discuss the idea of the observability of
a single merging event as well, but this is confirmed here to be improbable. If
the converted EM spectrum is not detected by the hypothetical lunar array, we
may also place a lower limit on the size of the scale M by considering the largest
M attainable when detection does not require significant fine-tuning. We also
compare our results to Lorentz invariance violation constraints and find that we
produce competitive limits with respect to the results in [24].
This paper is structured in the following manner: After the introduction,
section 2 discusses the model we use to formulate our study. Section 3 considers
the construction of a lunar array in an optimal setting. Section 4 presents our
results and discussion with the conclusion presented in section 5.
2. Model
Our model uses the spectrum for gravitational-waves resulting from a merg-
ing binary neutron star system found in [25, 26]. In this model the stars have
equal masses of 1.5 M at a separation of 42.6 km. The resulting remnant is
2http://sci.esa.int/science-e/www/object/doc.cfm?fobjectid=53829
3http://www.moonexpress.com/news/moon-express-announces-lunar-south-pole-mission-
technology-development-contract-international-lunar-observatory-association
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a low-mass black hole of about 2.8 M. The total energy radiated away as
gravitational-waves, in less than 3 ms, is ∆Egw ∼ 3× 1051 erg.
Now let us suppose that part of the radiation emitted as gravitational-
waves, is converted into electromagnetic radiation via the conversion of gravi-
tons into photons, as described below in Section 2.1. We denote this fraction by
p = EEM/Egw, called the conversion probability, or conversion fraction. Then
Etotal = Egw + EEM = (1 + p)Egw.
2.1. The mechanism
Here we summarize some of the details of the conversion mechanism de-
scribed in [12], which illustrates the possibility for a low-mass (or zero-mass)
particle to be created from a photon (spin-1) passing through an external mag-
netic field, and vice versa. This formalism is applicable to the case of gravitons,
which have spin-2. Conversion requires the presence of an external magnetic
field supplying one virtual photon in order to satisfy symmetry constraints,
thus conversion of real gravitons to real photons is one-to-one, as the second
photon in this interaction is virtual.
In [8] the authors demonstrate an equation of motion for propagating photon
and graviton mixtures, when we choose our coordinate system such that the
propagation direction aligns with the z axis, of the form
(ω + ∂z)ψ +Mψ = 0 , (1)
where ∂z =
∂
∂z , ψ = (hx, h+, Ax, Ay)
T
with hx, h+, Ax, and Ay being graviton
and photon polarisation states respectively. The mixing matrixM is defined as
M =

0 0 −iMxgγ iMygγ
0 0 iMygγ iM
x
gγ
iMxgγ −iMygγ Mx MCF
−iMygγ −iMxgγ M∗CF My
 , (2)
where Mqgγ = ggγkBq/(ω + k) represents the photon-graviton coupling in the
direction q with ggγ being the coupling strength, Bq being the magnetic field
component in the q direction, ω being the total particle energy, and k being the
momentum. MCF contains the Faraday and Cotton-Mouton effects, and Mq
terms represent the ‘effective mass’ picked up by the photon while propagating
in a plasma. Note that we follow [8] in the definition of all the matrix elements;
so the reader is referred there for further details. Unless otherwise noted we
assume ggγ =
1
Mpl
.
We solve Eq. (1) numerically to obtain the state ψ after propagating a dis-
tance d in the environment of the M31 galaxy. The state ψ will then be used
to construct a probability p(ν) that a particle that starts as a graviton (with
energy corresponding to hν) remains one after a distance d. Our initial state
is taken to be composed entirely of gravitons so that ψ0 =
(
1/
√
2, 1/
√
2, 0, 0
)
with the graviton terms chosen for simplicity. The solution method used will
be to divide the magnetic field up into domains with a length sampled from a
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Kolmogorov turbulence distribution for coherence lengths between 50 and 100
pc [27]. Each domain is assigned a value B and plasma density ne according
to the models below (using the coordinates of the centre of the domain) and is
randomly allocated a magnetic field orientation. Each such allocation of field
orientations to each domain is termed a realisation, with the observable solu-
tion taken to be the average over the ensemble of realisations. This approach is
necessary as the actual configuration of the magnetic field is unknown, and the
relative orientation influences the mixing matrix in Eq. (2). The averaging over
the turbulent realisations will also remove any resonant spectral features.
The M31 environment is characterised by magnetic field and the gas distri-
butions for photon-graviton mixing, we will obtain these by following the model
of [28]. This means that our magnetic field strength is B = 4.6 ± 1.2 µG at
r = 14 kpc from the centre of the galaxy, with a more general profile following
B(r) =
4.6r1 + 64
r1 + r
µG , (3)
where r is the distance from the centre of M31 and r1 = 200 kpc is taken to
follow the more conservative value from fitting in [28]. This was found to be
valid when r ≤ 40 kpc in [28]. When extrapolating the magnetic field beyond
40 kpc we will use the following conservative choice of profile
B(r) =
4.6r1 + 64
r1 + 40 kpc
exp(−(r − 40 kpc)/(3.8rd))µG , (4)
where the scale radius 3.8rd is chosen motivated by arguments around the scale
of spiral galaxy magnetic fields in [29]. We take the gas density to be given by
an exponential profile
ne(r) = n0 exp
(
− r
rd
)
, (5)
where n0 = 0.06 cm
−3 is the central density [27], and rd ≈ 5 kpc is the disk
scale radius fitted by [28].
We fit approximate power-law functions to the results of solving Eq. (1),
one is fitted to p(ν) in the core region of M31 (when r ≤ 40 kpc as studied
by [28]), the second is fitted to an integration over an extended region of M31
out to r = 200 kpc. The power-law takes the form p(ν) = a
(
ν
1MHz
)b
and the
parameters are listed in Table 1.
M31 region a b
Core 1.2× 10−20 0.15
Extended 9.3× 10−21 0.13
Table 1: Fitting functions for conversion probability p.
2.2. The gravitational wave spectrum from a neutron star merger
The neutron star merger gravitational wave spectrum found in [25, 26] is cal-
culated by simulating the contribution of up to 7 modes and reaches a frequency
6
νf ≈ 50 kHz. We label this spectrum as Sgw(ν). To reach potentially detectable
frequencies we perform a power-law with exponential cut-off extrapolation for
frequencies ν > νf
Sex(ν) = Aν
α exp
(
− ν
νc
)
, (6)
so that the complete extrapolated spectrum is given by
Sgw,ex(ν) =
{
Sgw(ν) ν ≤ νf
Sex(ν) ν > νf
, (7)
where α is the power law index and νc is the cut-off frequency. The choice of
using a power law with a cut-off may be explained as follows: a cut-off is applied
because we know that the quasi-normal modes decay exponentially according to
[25, 26]. Furthermore, we require a power law to account for the fact that higher
order modes may extend the spectrum seen in [25, 26] as is done in [18] in the
presence of plasma. Therefore, this extrapolation provides a parameter space of
α and νc that effectively considers a large variety of scenarios for the extension
of the gravitational wave spectrum to higher frequencies. The magnitude of the
multi-order extrapolation is justified in that it deals effectively with the cases of
complete quasi-normal mode decay (i.e. where νc ' νf ) as well as the potential
contribution of high order modes where νc > νf . We normalise Sgw,ex(ν) as
follows: we require that Egw is the grvaitational wave energy emitted from the
source at a luminosity distance dL over a time ∆t ≈ 2 ms and use this to
determine the graviton flux at Earth.
This power law is applied to the tail of the spectrum using the matching
condition: Sgw(νf ) = Sex(νf ). Furthermore, p(ν)S(ν) will then represent the
spectrum obtained from the conversion of gravitational-waves into photons. The
values α and νc provide us with the parameter space which allows us to deter-
mine the detectability of the electromagnetic counterparts with a radio telescope
on the moon or with SKA-LOW. Note that this is a phenomenological extrapo-
lation because it is difficult and beyond the scope of this work to calculate these
spectra directly at frequencies high enough for radio-band detection. In order
that the exact details of the extrapolation don’t bias the results, we will draw
conclusions based on how insensitive the detection potential is to the choice of
extrapolation parameters (the difficulties of even producing Sgw(ν) are strongly
noted in [25, 26]).
2.3. Isotropic gravitational wave background
We construct a gravitational wave background due to neutron star mergers
as follows:
Φgw(ν) = p(ν)Ωobs
∫ 6
0.06
dz
dV
dz
τ(z)Rmerger(z)Sgw,ex(ν(1 + z)) , (8)
where Ωobs is the solid angle being observed (in this case the sky-area of M31),
dV
dz is the co-moving volume element, τ(z) is the look-back time, and Rmerger(z)
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is the rate of neutron star mergers per unit volume as found in [20], the intregral
limits fit the plots presented in [20]. The cosmological quantities are calculated
assuming the Planck results from [30].
Note that, in our construction of Φgw, we have assumed that all the binary
neutron star pairs and mergers are similar to that studied in [25, 26]. However,
this assumption shouldn’t be overly problematic as [20] indicate a strong con-
centration of binary neutron stars towards lower masses, like those studied in
[25, 26].
In the M31 core region Ωobs = 4pi× 6.73× 10−4 sr and in the extended case
Ωobs = 4pi × 1.55× 10−2 sr.
3. Lunar telescopes: Are they just science fiction?
A perhaps not so well known fact is that proposals for lunar development
are under way as plans to return to the moon have recently been announced
[23]. Driven by the need to understand early universe physics such as the cosmic
dawn, the International Lunar Observatory Association, in collaboration with
Moon Express have announced plans for the first delivery of an international
lunar observatory on the south pole of the moon by 20194. The far side of
the moon is the best place in the inner solar system to monitor low-frequency
radio waves, to which the Earth is opaque [22]. Additionally, the far side of
the moon shields the observatory from interference coming from the Earth.
Therefore, whilst currently there is no telescope on the moon, we consider here
some optimal specifications for a lunar array, that may in principle, detect
electromagnetic counterparts to gravitational-waves.
3.1. Building a telescope on the moon
In this section we provide some details for designing an optimal lunar radio
telescope. As a test case, we consider two set-ups: firstly, a configuration using
N = 103 log-periodic dual-polarized dipole antennas with bandwidth ∆ν = 300
MHz, and secondly, the case with N = 100 antennas and the same bandwidth
∆ν. We calculate the minimum observable flux for the array as follows5
Smin =
2kBTsky
N
√
∆ντAe
(9)
where Ae = λ
2/4pi is the effective collecting area and λ is the incoming wave-
length. Here kB is the Boltzmann constant, τ is the integration time. The sky
temperature is given by [21]
Tsky =
16.3× 10
6K
(
ν
2MHz
)−2.53
, ν > 2MHz
16.3× 106K
(
ν
2MHz
)−0.3
, ν < 2MHz .
(10)
4See footnote 3.
5See footnote 2.
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We can see, in figure 1, that a lunar array would be more sensitive than the
SKA-LOW with a minimum detectable flux of roughly Smin ∼ 0.5 × 10−16
erg cm−2 s−1. The curve, for a lunar array, has an expected break or kink
in its uniformity due to the behaviour of equation (10). In the aforementioned
figure, we have computed both telescope sensitivities for a total integration time
of τ ≈ 2 × 10−3 s in accordance with the emission time of the gravitational-
wave signal [25, 26]. However, observing the isotropic background will allow us
considerable freedom in our choice of integration time. For the lunar telescope
we consider two cases, one for N = 100 dipoles and the other for N = 1000
dipoles. The SKA-LOW itself will possess N ∼ 105 dipoles. The orange dashed
line considers the conservative case of only N = 100 dipole antennas, and as
can seen we achieve a lower sensitivity than the case of N = 1000 antennas
given by the solid blue line. However, the setup is still more sensitive than
SKA-LOW (green dashed-dotted line) with its larger array, by almost one order
of magnitude at ν = 50 MHz, the lower end of the SKA-LOW bandwidth (i.e.
50− 350 MHz).
100 101 102
 Frequency (MHz)
10 18
10 17
10 16
10 15
Se
ns
iti
vi
ty
 (e
rg
 c
m
2  s
1 )
N=1000
N=100
SKA
Figure 1: Minimum flux of photons that may be observed by a telescope on the moon when
there areN = 1×102 antennas (orange/dashed), and forN = 1×103 antennas (solid/blue) and
finally we plot the sensitivity of the SKA-LOW (green/dashed-dotted) which has N ∼ 1×104
antennas.
3.2. Detectability of produced photons
In order for these counterparts to be detected by an observer on Earth or
on the moon, the frequency of these photons must be larger than the plasma
frequency, ωp, of the environments through which they travel. This is to ensure
that the photons are not absorbed by the intervening medium. For a galaxy like
M31 (ne = 0.06 × 10−3 cm−3) we have ωp ∼ 1.54 × 10−2 MHz. For the same
reasons, the photons must have frequencies higher than the plasma frequency of
the atmosphere through which they travel to arrive at the detector. Whilst the
moon has no atmosphere it does possess and ionosphere with ne ∼ 102 cm−3
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[31] and therefore has ωp ∼ 0.62 MHz and the Earth (ne ∼ 105 cm−3) [32]6 has
ωp ∼ 19.9 MHz.
The sensitivity profile for SKA-LOW may be found in [33], whilst for the
moon radio telescope we use the setup established in this section. The plasma
frequency for the moon, as calculated above, is roughly 0.62 MHz. Therefore,
the telescope operating frequency should start just above this value, and we
chose to start at 1 MHz. Hence, the frequency range is 1− 300 MHz.
Note that the photons we are considering are those that do strike the anten-
nas after having passed through the moon’s ionosphere. Therefore, they have
also survived travel through the intervening space between the moon and the
gravitational-wave event.
4. Results and discussion
We provide the parameter space which indicates values of α and νc for which
detections may be possible within the bandwidths of SKA-LOW or a lunar array
as described in section 3. That is, we study how the flux varies compared to the
sensitivity of the detector. When the flux of the incoming photon is higher than
the sensitivity of the detector, we have made a detection, the shaded regions
of the parameter space are those in which detections are possible. SKA-LOW
is represented by blue/dark shading and the lunar array by the green/light
shading. Plots showing parameter space detection coverage were computed at a
5σ confidence level and we will assume the energy scale of quantum gravitational
effects is that of the Planck mass, making these results potentially conservative.
With regards to our choice of the parameter space, we require νc to be larger
than the final point in the spectrum in [25, 26], but smaller than 100 MHz, above
which νc becomes irrelevant for SKA-LOW. Ultra-steep radio-band power-law
indexes have been shown [34] to extend up until -2. In keeping with this we
chose our parameter space to lie within α ∈ [−2, 0].
As we make use of a phenomenological extrapolation of the gravitational-
wave spectrum from [25, 26], we will discuss the implications of the results
qualitatively. We are interested in the breadth of the detectable parameter
space, rather than the specific model values for which signals will be detectable.
This is to ensure that our conclusions are not strongly dependent on the choice
of extrapolation. So we will examine how strongly detection of a signal depends
on the choice of model parameters. A weak dependence will be taken to in-
dicate that the signal is highly detectable, as it can be naturally extrapolated
to detectable frequencies with little or no fine-tuning. Whereas, a requirement
of very particular values for α and νc will imply that detection is improbable,
as significant fine tuning of the spectral extrapolation is needed to reach de-
tectable frequencies. We make a reasonable apriori assumption that a detection
requiring fine-tuning is less plausible the more fine-tuning that is required.
6http://solar-center.stanford.edu/SID/science/Ionosphere.pdf
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Figure 2 displays the case of a single neutron star merger event occurring
within the M31 galaxy. As is evident, the observation is only possible for more
than 100 dipole elements in the lunar array and the parameter space coverage
is weak even with 1000 dipoles. This suggests the detectability of the event
is improbable, as it requires that the gravitational wave spectrum only begins
exponential decay around an order of magnitude above the end of the spectrum
from [25, 26]. In addition to this, the power-law extension cannot have α <
−1.25. In an attempt to test a very close event we considered one taking place
in the Milky-Way galactic centre assuming a magnetic field with an exponential
profile and central strength of 60 µG. This resulted in p ≈ 10−32, meaning that
this cannot compensate for the flux boost of ∼ 104 due to the smaller distance.
We conclude that, barring some unconsidered nearby conversion environment,
this makes it unlikely that single binary neutron star merger events can be
observable via photon-graviton mixing. This result motivates our consideration
of an isotropic background formed from a merging population of binary neutron
stars instead.
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Figure 2: Detectability parameter space for the conversion of gravitons into photons in the
M31 extended scenario. SKA-LOW is represented by the blue/dark region and the lunar array
by the green/light region. Left: 1000 lunar array antennae case. Right: 100 antennae.
Figure 3 displays the detectable parameter spaces using the M31 core prop-
agation scenario for an isotropic gravitational wave background due to binary
neutron star mergers. It demonstrates the effect of both the integration time, at
1 s (left column) and 100 hrs (right column), as well as the number of lunar array
antennae, 1000 (top row) and 100 (bottom row). In all cases it is apparent that
the variations are relatively minor for the lunar array, with the vast majority
of the parameter space being detectable at 5σ confidence interval. Notably, in
this case, the largest required value of cut-off frequency is νc < 0.2 MHz, which
is just under 4 times larger than the final spectral point from [25, 26] (and uses
only 1 s of integration time). The SKA, on the other hand, shows a somewhat
limited detection potential, requiring the cut-off to be at least two orders of
magnitude above the end of the spectra from [25, 26]. Although increased inte-
gration time is a considerable advantage over the single event results, the weak
dependence displayed here shows that it is not vital, rather the flux increase
from the large number of unresolved events is most significant.
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Figure 3: Detectability parameter space for the conversion of gravitons into photons in the
M31 core scenario. SKA-LOW is represented by the blue/dark region and the lunar array by
the green/light region. Left: integration time of 1 s. Right: 100 hours of integration time.
The upper row displays the 1000 lunar array antennae case and the lower row displays that
with 100 antennae.
Figure 4 displays a conservative choice for the extended M31 propagation
scenario again for an isotropic gravitational wave background due to binary
neutron star mergers. In this case the results are very marginally superior
to those from Fig. 3 as p(ν) is similar but the observed sky area is an order
of magnitude larger. These results demonstrate how close to full coverage of
the parameter space we can approach with 100 hours of integration time on
the lunar array of 1000 antennae. We argue that this demonstrates a strong
detection potential even though the interaction energy-scale is set at the Planck
mass. We will supplement this by exploring how close to the Planck scale we can
place stringent exclusion limits from the non-observation of such a GW-induced
signal.
Figure 5 shows the lower limit that can be placed on the scale M via non-
observation with the lunar radio array for an isotropic gravitational wave back-
ground due to binary neutron star mergers. We derive the limits by finding
the smallest M observable at 2σ confidence interval in the worst case scenario
where νc ≈ 50 kHz. An interesting comparison may be made with the Lorentz
invariance violation limits for gamma-ray bursts. The Lorentz invariance vio-
lations can be parameterized by En, where E is the gamma-ray photon energy
and n is an unknown parameter. When n = 1, it is shown that a maximum
energy-scale of M1 = 9.23× 1019 GeV [24] can be probed, this can be achieved
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Figure 4: Detectability parameter space for the conversion of gravitons into photons in the
M31 extended scenario. SKA-LOW is represented by the blue/dark region and the lunar array
by the green/light region. Left: integration time of 1 s. Right: 100 hours of integration time.
The upper row displays the 1000 lunar array antennae case and the lower row displays that
with 100 antennae.
when by the lunar for α > −2 within 100 hours of integration time. In the
case of the extended propagation our results exceed the Lorentz invariance case
for all α ≥ −2 with 10 hours of integration time (we note this scenario has
more sensitivity to the number of dipoles). For n = 2, the limits from Lorentz
invariance violation are much weaker: that is M2 = 1.3 × 1011 GeV which is
bettered by the lunar array within 1 second for any choice of α. Therefore,
in both cases we are able to produce competitive non-observational limits on
the energy-scale of quantum gravitational effects. We also note that Lorentz
invariance violation limits strongly depend on the model-dependent parameter
n, whereas our results don’t have any such unknown dependence. Additionally,
even when α = −2 and with only 100 dipoles, we can reach within 2 orders of
magnitude of Mpl with 1 second of integration time on the lunar array.
5. Conclusion
In the presented work, we have demonstrated that it is plausible to detect
low-frequency radio counterparts to gravitational-waves using a lunar dipole
antenna array. While this was impossible, or at least improbable, for a single
neutron star merger event in the local universe, we have shown that the detec-
tion prospects for an unresolved background from binary neutron star mergers
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Figure 5: Maximum detectable energy-scale M , as a fraction of the Planck scale Mpl, versus
telescope integration time. This plot illustrates the lower bounds on M using a lunar array
with 1000 dipoles (solid lines) or 100 dipoles (dotted lines) for various choices of α. Left: we
assume the M31 core propagation scenario. Right: M31 extended case
are robust to considerations of array size or integration time. In particular, we
demonstrated that the galaxy M31 provides a conversion environment in the
local universe that allows for such robust detection prospects by numerically
solving the equations of motion for photon-graviton mixing [8] and using mag-
netic field and plasma density information drawn from the literature [27, 29, 28].
Our modelling of the population of binary neutron stars was taken from [20]
and allowed us to compute the expected background signal with the Planck 2015
cosmological parameters [30].
We note that several works (such as [8, 15]) have examined the question
of whether photon-graviton conversion could be used to detect such merger
events. However, our work has presented novel results by both considering an
unresolved gravitational wave background rather than just single events as well
as using higher frequency numerical calculations from [25, 26] and considering
phenomenological extrapolations thereof. Crucially, we do not base our conclu-
sions on the details of the extrapolation but rather on the relative independence
of the detectability on said details. In particular, our lower limits on the energy
scale of interaction assume both a power-law fall-off and an immediate exponen-
tial cut-off from the results of [25, 26]. It is these novel additions to the study
of photon-graviton mixing in merger events that allow such striking results to
be produced.
Vital to this endeavour would be the prospects for placing a telescope on the
lunar surface. We note that such radio telescopes are being planned and are ex-
pected to land on the moon by 2022. Experiments such as the Dark Ages Radio
Explorer (DARE) and International Lunar Observatory Association (ILOA)’s
science objectives are to study early universe physics. The results presented
here demonstrate that such a lunar instrument will have the potential to probe
the realm of quantum gravity at radio frequencies, using this mechanism of
mixing between photons and low-mass bosons. It may even be possible to rule
out or confirm the existence of the graviton. In particular, a non-observation of
a neutron star merger induced radio background will place lower limits on the
14
energy scale of putative quantum gravitational effects, subject to population
synthesis uncertainties. These lower limits being shown here to be competitive
with Lorentz invariance violation experiments and easily reaching within one or
two orders of magnitude of the Planck scale.
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